how the modular organization of limb networks could have arisen from a single, homogeneous axial network (5). Our work demonstrates that axial networks, like limb networks, are organized in a modular fashion to facilitate differential control of muscles during locomotor-related behaviors such as postural correction (29). Thus, the modular organization of axial locomotor control systems may have served as a functional template for the evolution of limb control systems (Fig.  4I) . We suggest that refinement and reweighting of inhibition between these modules is a plausible candidate mechanism for generating new locomotor patterns from ancient axial circuits.
Withdrawal of differentiating cells from proliferative tissue is critical for embryonic development and adult tissue homeostasis; however, the mechanisms that control this cell behavior are poorly understood. Using high-resolution live-cell imaging in chick neural tube, we uncover a form of cell subdivision that abscises apical cell membrane and mediates neuron detachment from the ventricle. This mechanism operates in chick and mouse, is dependent on actin-myosin contraction, and results in loss of apical cell polarity. Apical abscission also dismantles the primary cilium, known to transduce sonic-hedgehog signals, and is required for expression of cell-cycle-exit gene p27/Kip1. We further show that N-cadherin levels, regulated by neuronal-differentiation factor Neurog2, determine cilium disassembly and final abscission. This cell-biological mechanism may mediate such cell transitions in other epithelia in normal and cancerous conditions. N ewborn neurons detach an apical cellprocess from the ventricular surface and then migrate to the lateral neural tube or to form cortical layers within the brain (1, 2) . This step is required for the generation of neuronal and tissue architecture (2, 3) , and its failure leads to human periventricular heterotopia (4) . Downregulation of N-cadherin is associated with this event (3, 5) , as is loss of apical complex proteins (6, 7) . The latter may be mediated by downregulation; protein modification/degradation or relocalization; or loss of apical membrane.
To investigate cell behavior underlying neuron birth, we labeled membranes of individual cells by mosaic transfection of green fluorescent protein-glycosylphosphatidylinositol (pCAGGS-GFP-GPI) into the chick embryonic spinal cord (8) . We then monitored neurogenesis in ex vivo embryo slice cultures (1) using wide-field timelapse microscopy (8) . Newborn neurons have a basally located cell body and extend a long, thin cell-process to the apical/ventricular surface. Movies of such cells revealed that shedding of the apical-most cell membrane preceded withdrawal of this cell-process (Fig. 1A) . This event, which we name apical abscission, takes~1 hour (56 min, SD = 18 min, n = 21 cells). It begins with formation of a bulb-like "bouton," followed by subapical constriction, membrane thinning, and eventual abscission, after which the apical cell-process withdraws (42 abscising cells in 34 embryos; all stages observed in 21 cells) (Fig.  1A, fig. S1 , and movies S1 to S3). Abscised particles tracked so far remain at the ventricle.
Using structured illumination microscopy (8) to generate super-resolution images of abscising cells transfected with membrane-localized Tagred fluorescent protein-Farnesyl (TagRFP-Farn) revealed a thin membranous connection between apical cell-process and the abscising particle. This confirmed the existence of abscission events in fixed tissue not subject to culture and imaging regimes (n = 5 cells in 3 embryos) ( fig. S2 and movie S4). We also observed apical abscission in completely unmanipulated embryos fixed and labeled to reveal the early neuronal marker Tuj1 (class III beta-tubulin). Some Tuj1 + cells with a basally localized nucleus and a ventricle-contacting apical cell-process were found to have a distinct constriction, coincident with subapical actin (n = 31 of 78 cells in 5 embryos) (Fig. 1B and movie  S5 ). To characterize the abscised membrane, we assessed localization of endogenous apical Par-complex protein, atypical protein kinase C (aPKC) (9) in such Tuj1 + cells; aPKC was confined to the abscising particle (n = 31 of 31 cells in 5 embryos) (Fig. 1B and movie S5 ). This indicates that differentiating neurons experience rapid loss of apical polarity. It is also consistent with the absence of Par-complex proteins from withdrawing cell-processes (6, 7), which, now liberated from apical-junctional complexes, extend transient membrane protrusions (18 
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with aPKC confined to the abscising particle (22 of 22 cells) . This demonstrates that apical abscission is conserved across species. In chick, we further characterized cells poised to abscise as indicated by a basally located nucleus and ventricle-contacting apical cell-process revealed by TagRFP-Farn labeling and found a similar localization of actin and aPKC (21 of 21 cells in 6 embryos) ( Fig. 1D and movie S7). Many such TagRFP-Farn-labeled cells with this morphology also express low levels of the early neuronal marker, NeuroM (26 of 29 cells in 5 embryos) ( Fig. 1 , E to G). These NeuroM-positive cells were further found to express the interneuron marker Lim1/2 (23 of 23 cells) but not the later neuronal marker HuC/D (0 of 12 cells) nor the postmitotic cell marker Cdk-inhibitor p27/Kip1 (0 of 11 cells) [(10) and see (7)], identifying these cells as immature neurons that have yet to commit to cell cycle exit ( Fig. 1 , E to G).
Neuroepithelial cells contain a subapical actin cable that mediates normal cell constriction at the ventricular surface. To investigate whether apical abscission involves actin dynamics, we cotransfected GFP-GPI and Actin-TagRFP vectors into chick neural tube and monitored protein localization. Subapical actin was visible in cells poised to abscise and coincided with the region of constriction before abscission ( Fig. 2A and movie S8). As abscission began, Actin-TagRFP signal intensity increased (8) , reaching a maximum shortly before abscission completion (Fig. 2B) ; actin was then depleted from the withdrawing cell-process -GFP intensity during apical abscission (average normalized values for five cells error bars, mean T SEM). (E to H) Cells exposed to control DMSO undergo abscission (E) (movie S14), but not in the presence of blebbistatin (F) (movie S17) or ML-7 (G) (movie S20). ML-7 abscission inhibition is rescued by expression of MRLC2 (Fig.  2A, fig. S3 , and movies S8 to S10). This local actin increase raised the possibility that actinmyosin contraction mediates apical abscission.
We therefore next surveyed myosin localization using a myosin regulatory light chain 2 GFP construct (MRLC2-GFP); this revealed strong subapical localization and diffuse cytosolic distribution in all cells ( fig. S4 ). Because myosin phosphorylation is essential for actin-mediated apical constriction, we next discriminated sites of myosin activity by monitoring MRLC2 T18DS19D -GFP, a constitutively active form of MRLC2. To increase the incidence of neuronal differentiation, we cotransfected cells with a plasmid encoding the proneural gene Neurog2 [pCAGGS-Neurog2-IRES-nucGFP (pCIG-Neurog2)], which promotes neuronal differentiation (10) . In such cells, also coexpressing TagRFP-Farn to label cell membranes, active MRLC2 localized subapically until shortly after abscission (8) (n = 12 cells in 9 embryos) (Fig. 2, C and D, and movies S11 to S13). Thus, actin is localized and myosin is active in the subapical region of the abscising neuron.
To investigate the requirement for myosin activity, cells were transfected with GFP-GPI and pCIG-Neurog2, and slices were cultured in medium containing blebbistatin (inhibitor of myosin motor function), ML-7 (inhibitor of myosin light chain kinase MLCK, which phosphorylates Myosin II) (see fig. S5 ), or dimethyl sulfoxide (DMSO) control. Although few cells in control slices failed to abscise and retract their cellprocesses within an 8-hour period (n = 4 of 33 cells in 5 embryos) (Fig. 2E and movies S14 to S16), the majority of cells exposed to blebbistatin (n = 33 of 36 cells in 6 embryos) (Fig. 2F and movies S17 to S19; apical surface definition, fig.  S6 ) or ML7 (n = 68 of 83 cells in 15 embryos; Fig.  2G and movies S20 to S22; apical surface definition, fig. S6 ) remained attached at the ventricle. Furthermore, coexpression of active MRLC2 in the presence of ML-7 rescued its effects, with most cells now abscising within 8 hours (n = 14 of 18 cells in 7 embryos) ( Fig. 2H and movies S23 to S25) . Misexpression of active MRLC2 alone, however, did not increase neuron numbers, so the potential to increase actin-myosin contraction is by itself insufficient to promote apical abscission ( fig. S7 ). These data indicate that myosin activity is required, but not sufficient, for apical abscission.
Neuroepithelial cells lining the ventricle possess a primary cilium. This projects from the basal body/centrosome located at the apical pole.
While this cilium plays a key role in transducing sonic hedgehog (Shh) (and possibly other) signals that maintain neuroepithelial cells in a proliferative state (11) , the centrosome is further implicated in positioning axon outgrowth (12) . To observe the effect of apical abscission on the primary cilium, we transfected GFP-GPI and pCIG-Neurog2 into the neural tube together with a construct containing a pericentrin-AKAP450 centrosomal targeting (PACT) domain sequence that confers centrosomal localization fused to TagRFP (PACT-TagRFP). As abscission began, the centrosome localized to the withdrawing cellprocess (n = 45 cells in 15 embryos) (Fig. 3A and  movies S26 to S28) . Conversely, the primary cilium, identified with ciliary membrane-associated Arl13b-TagRFP, remained attached to the abscised apical membrane (n = 21 cells in 7 embryos) ( Fig. 3B and movies S29 to S31) . During apical abscission, the Arl13b-labeled cilium also shortened [two-fold reduction in cilium length; n = 5 abscising cells (8)]. We further used structured illumination microscopy to confirm the presence of Arl13b-GFP in particles abscised from TagRFPFarn-labeled cells in tissue not subject to culture and live imaging (n = 5 cells) ( Fig. 3C and movie S32).
Active Shh signaling is indicated by accumulation of the Shh transducer Smoothened (Smo) and its key pathway effector Gli2 in the primary cilium (13, 14) . Shh signaling is highest in the ventral half of the neural tube, and we therefore assessed localization of endogenous Smo and Gli2 in Tuj1
+ cells with ventricle-contacting cell-processes in this region. This revealed many cells with ciliary accumulation of Smo (n = 38 of 43 cells in 4 chick embryos) (Fig. 3D and movie S33) or Gli2 (n = 33 of 35 cells in 3 mouse embryos) ( Fig.  3E and movie S34 ). This localization of proteins suggests that cells poised to abscise are responding to Shh signals and predicts that disjunction of the centrosome and Arl13b-labeled cilium during apical abscission curtails Shh signaling.
Onset of neuronal differentiation is characterized by down-regulation of N-cadherin (3, 5) , which forms subapical adherens junctions between neuroepithelial cells (15) , and abnormal persistence of N-cadherin inhibits apical cell-process withdrawal (3). Cadherins are connected intracellularly to the contractile actin cable, and this serves to maintain tension at apical junctions and cell-cell adhesion (15) . Declining N-cadherin levels within the prospective neuron may therefore trigger apical abscission by loosening cell-cell junctions and connection with the intracellular actin-myosin cable. Because the centrosome is localized in the withdrawing cell-process, it must be released from the cilium before final abscission. To determine how persistent N-cadherin affects apical abscission, we misexpressed N-cadherin-YFP (yellow fluorescent protein) together with GFP-GPI and PACT-TagRFP. Increased N-cadherin blocked cellprocess withdrawal, and the centrosome remained at the apical pole (16 cells in 10 embryos) (Fig.  4A and movies S35 to S37 ). This indicates that N-cadherin down-regulation is required for centrosome release from the apical surface, as well as for final abscission of apical membrane.
One consequence of failure to undergo Ncadherin down-regulation and apical abscission might therefore be maintenance of Shh signaling and therefore inhibition of cell cycle exit. To assess the relationship between cell cycle regulation and apical abscission, we next determined the effect of persistent N-cadherin on expression of p27/Kip1, which normally begins after apical cell-process withdrawal [Figs. 1G and 4B′ and see (7) ]. N-cadherin misexpressing cells lacked p27/Kip1 after 24 hours [N-cad-YFP+TagRFP-Farn misexpressing cells 3% p27/Kip1 positive (25 of 689 cells in 4 embryos) (Fig. 4B) ; control TagRFP-Farn only expressing cells 13% p27/Kip1 positive (76 of 649 cells in 4 embryos) (Fig. 4B′] . These findings therefore place N-cadherin loss and apical abscission, including cilium disassembly, upstream of cell cycle exit as defined by p27/Kip1 expression. Furthermore, driving premature cell cycle exit by p27/Kip1 misexpression did not promote apical abscission or neuronal differentiation ( fig. S8) , consistent with proneural genes promoting expression of Cdk inhibitors, which then act in concert with other proneural targets to orchestrate neuronal differentiation (16) .
N-cadherin down-regulation in prospective neurons is mediated by the transcription factor FoxP2/4, expression of which is promoted by the proneural gene Neurog2 (3, 10) . To determine whether Neurog2 misexpression is sufficient to overcome excess N-cadherin, we cotransfected constructs encoding these two genes into the neural tube. Despite excess N-cadherin, cells with excess Neurog2 dismantled their cilium and underwent abscission and cell-process withdrawal (16 cells in 7 embryos) ( Fig. 4C and movies S38 to S40) . In this context, N-cadherin-TagRFP was localized to the abscission site and then lost before abscission (n = 19 cells in 8 embryos) (Fig. 4D and movies S41 to S43). This indicates that localization and regulation of N-cadherin protein [(as well as transcriptional down-regulation of endogenous N-cadherin (3)] is directed by factors downstream of Neurog2.
These findings uncover a cell biological mechanism, apical abscission, that takes place downstream of N-cadherin loss and involves actin-myosindependent cell constriction and dismantling of the primary cilium. This abscission event detaches newborn neurons from the ventricular surface and results in loss of apical-complex-containing cell membrane and therefore apical polarity. By separating centrosome from Arl13b-labeled cilium, apical abscission may curtail active Shh signaling, as indicated by ciliary accumulation of Smo and Gli2 in cells poised to abscise. Consistent with a loss of mitogenic Shh, abscission is also required for expression of cell-cycle exit gene p27/Kip1 (fig.  S9 ). Apical abscission is thus a decisive event in the neuronal differentiation program, which triggers reorganization of the newborn neuron and its withdrawal from the ventricular environment. Abscising the apical membrane and leaving this, at least initially, at the apical surface may also help to maintain tissue integrity. During mitosis, cilia are resorbed or partially internalized (17) rather than shed, and regulated cilium shedding has only been reported in the alga Chlamydomonas (18) . Loss of apical complex proteins also characterizes cells undergoing an epithelial to mesenchymal transition, including tumor cell metastasis (19) , and some cancers exhibit cilia loss (20) . Investigation of apical abscission in normal and also oncogenic epithelia may therefore provide insight into mechanisms that direct critical cell state transitions.
